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(54) Low volatility solvent-based precursors for 

(57) An aerogel precursor sol is disclosed herein 
This aerogel precursor sol comprises a metal-based 
aerogel precursor reactant and a first solvent compris- 
■ng a polyol; wherein, the fnolar ratio of the first solvent 
molecules to the metal atoms in the reactant is at least 
U 16 . Preferably, the first solvem is glycerol. Preferably 
the aerogel precursor reaclant may selected from the 
group consisting of metal alkoxides. at least partially 
hydrolyzed metal alkoxides. particulate metal oxides 
and combinations thereof. Typically, the molar ratio of 
the first solvent molecules to the metal atoms in the 
reactant is no greater than 12 : l. and preferably, the 
molar raUo of the first solvent molecules to the r^etal 
atoms in the reactant is between 1 : 2 and 12 • 1 In 
some embodiments, the molar ratio of the first solvent 
molecules to the metal atoms in the reactant is between 
2.5 :i and 12:1. In some embodiments, the first solvent 
comprises a glycol. In some embodiments, the reactant 
IS tetraethoxysilane that may be at least partially hydro- 
lyzed. In some embodiments, the first polyol is selected 
from the group consisting of 1,2.4-butanetriol: 1,2.3- 
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nanoporous aerogels 

butenefriol: 2 methyl-propanetriol: and 2.(hydroxyme- 
thyl)-1.3-propanediol: 1-4, 1-4. butanediol; and 2- 
methyl-i.s-propanediol. and combinations thereof This 
invention allows cortrolled porosity thin film nanoporous 
aerogels to be deposited, gelled, aged, and dried with- 
out atmospheric controls. In another aspect, this inven- 
tion allows controlled porosity thin film nanoporous 
aerogels to be deposited, gelled, rapidly aged at an ele- 
vated temperature, and dried with only passive atmos- 
Phenc controls, such as limiting the volume of the aqina 
chamber. 
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This invention pertains generailv tn nrpmr^nr* <^ 
BACKGROUND OF THE INVENTION 

semiconductor and ^ea^JiS^ru^au^^eT^^^ras^^^ ^^'iTT " ^^'^^'^ 

more in less time in a smaller paci^ge while consuSgTei^^r H^r^^^^ "^'"'^"^^ 

to each other. For instance, simply shrinking the SrVS oTf ^^^T ' .T^ '^^'^^^ °PP°s«o" 

5 increase energy use and heat generation ^ 3^ ^Sfa^S^l «,r„ "'n^°'" * "^^^^^n^ ^n 
pling. or crosstalk, between conductors v^^ichSs^o^^^^ 

termed ^th extremely high porosrtiL. with ^^Sj^i^^T^tl^J^T^'^- "^'^""'^ "^^ ''^ 

stam of dense silica. And yet despite their hioh 1^ *f dielectric con- 

^ wh-chhavehighstrengthandSer^S-Snr^^^^ 
oporous dielectrics offer a viable iow-dieleS oo^^mTel^^^^ 

dense silica. constant replacement for common semiconductor dielectrics such as 

in a liquid, transforms into a g^du ?o JS^^?m^^^^^^ 'jL^'fJ' ' ^ P^rtcS 

tinued reactions within the sS, one oV Z^e^^JS, th.1^^^ sol.d particles. One theory is that through con- 
itmiey form a solid netwak Which ^^^s^rtiS^^^^^^^ 

stance is said to be a gel. By this definition ao^ feTs.Za^rf 1*^ gel point), the sub- 

continuous liquid Phase. As L skelet^Ts p^rf^" ^'^^^^ « 
enclosing a pore fluid. ^ ^ '"eans an open-pored solid structure 

mono::rr forn?^^^^^^ ^i- can cause a multifunctional 

polymerization are metal l^^fT^ZfJiZlT' branc^^^rtides. Many monomers suitable for such 
water by the reaction ^ *^«t^°^"ane (TEOS) monomer may be partially hydrolyzed in 

Si(0Et)4 H2O ® H0.Si(0Et)3 + EtOH 
Reaction conditions may be controlled surh that «^ » 

hydrolysis reactions to^artialW SCroTv^e Z lT ^^"^^ '""""'""^ """^'^"^ ^ ''^*^«' 0* 

Si(OH), Once a mdecuS hiLen a le^fSrtL^^^^^^^^ ^'^'^'^^^ 

tion reaction, such as ^ h/drolyzed. two molecules can then linktogether in a condensa- 

{0Et)3Si-0H -K H0-Si(0H)3 ® {OEt)3Si-0-Si(OH)3 + HjO 



50 or 



S5 



{0Et)3Si-0Et + H0-Si(0Et)3 ® {OEt)3Si-0-Si(OEt)3 + EtOH 
thelTctiSl^J^rsra^S^^^^ 

mers or oligomers can be add^TthtmoS in^JlS^? 'iS "^f T ^^^itional monc!- 

molecule from .eraliy ^ousands ormo:;mT^^ro~^^^^^^ 

cules formed from at least two alkoxide monomers, but does not crprise ^e, '^"^"'^ 
Sol-g^ reactions form the basis for ^rogel and aeroge, film deposition.Va typical thin film xerogel process an 
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ungelled precursor sol mav bSnnii£»H « * 

pnses a stock solution and a solvent, and posS Ss^ aetetfont^Jri ^'^^"^^ o^en com- 

order to speed gelation. During and after JifvSiatSeS^o^r? T '"'f ^^^^"^"^ «>' 

Idly evaporate. Thus, the deposition Delation LH H f^ ^'^'"^^^^°'**^'"''''"a^ei«uaJly allowed 
degree) as th, film collapseTC"' H^nse 1 TnTnSST "^^ simultaneously H^TsZ 

argely by avoiding Po^e collapse dur^ngdr^ng S the w tg^Sem^^^ "^"^ ' P"'«« 

treatmem vvilh condensation-inhibitng modi^ng a Jl^^^^ 

^traction. 39er«s (as descri,ed m Gnade B02) and supercritical pore fluid 



SUMMARY OF THE INVENTION 
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film nanopTu::rc.?aSafo^^^^^^^^ ^ ^ ^'^^ ^e' ™terials for se^condu«or thin 

's 60% With large pore sizes. S^^Sy sS^ y tLTJnlr^^^ '^"^ ""^ ^^"^ porosrty (^''to 
febncato). While some prior art xe^gels ha^po ^^^^eateTS^^ semiconductor 
arger pore sizes (typically above 1 00 nm). These large Dore i?«I^?. f ^ substantially 

tionally. their large size makes them unsuitabte for fTno «9"'*'«'«y 'ess mechanical strength. Addi- 

nm) patterned gaps on a microcircuit a^d^st^oS^^^^^ ] '"'^ ^"''""''^ 

aerogel thin film, on the other hand, may be formed^ almil^^T^^rt^^^^^ ' wavelengths. A nanoporous 
Generally, as used herein, nanoporous LeriLs te^«°?r^ """^"^ ^ P°^e size, 

less than 20 nm (and more preferably l2 tJ^ n^^Ta'^T ^"^^""^ ^ P-^rably 
many formulations using this method, the typiS nanc^^frTp^.. l'""™ .^^^^ ^ nanometers). In 

age pore sizes at least 1 nm across, but rr^^^aZ^rTT semiconductor applications may have aver- 
^ oporous metal oxides, particularly nano^us snlJi nanoporous inorganic dielectrics include the nan- 

In many nanoporous thin film applications such ai aornnoie 
ics. the predse control Of film thici^Ll^eSSn^^^^^^^ 

related to the aerogel density, including mechanS ^en^^ A^'^ '"^"^ °^ film are 

that both aerogel density and film thicSSaTe rSiS ""^"^ ""^ been found 

This presents a problem Which warS^^S^^u^SLI^^^^ 
depo..onmeth.s..se«remelyd.icu«to.^^^^ 

.thastc^rreS™^^ 

between such conductors remain adequately Sl2 and ll^^ f ^° """"^ °^ ^ insure that gaps 

end, it is also desirable that no sigS^JSion^^^^^^^^^ ''"^^"^ substantially planar. To ?S 

nately. it is also desirable that the gef^.^ rS?,aS^B Tsl TT"' f ^= '^"""S aging. Unfortu- 

and one method for speeding gelation of thTn f Hn^J^Jo^IT^ T 1^°^'°" "^^'^ ^ ^"^'"V Processing. 
precursor sol for aerogel de^Sition shouralllrc^'^oTS^^^ ^ ^^erein that a suitable 

relatively stable prior to deposition, and yet gel7ei™y^ra?e^^r°'t ^^^^^^ ^ P'^^^" ^"^ ''^ 
A method has now been found which substantial evaporation, 

sor sol. In this method, sol viscosity ari f ilm th^l^^ °^ ^ multl^olvent precur- 

ness to be rapidly ct^r^edTo^t ,S ^S^'^SuT^^^^^ This allows film' thiSc- 

spin conditions, thus keeping film thickneXSy i^^^l ^^^^^ "t!" ^'^^"^ 
ever, at the same time, the solid:liquid ratfopre^ShSS^^ h,? aerogel densrty and allowing rapid gelation. How- 
rat^y detemiined in the precu Jsd S^S^ on Z^ZZ T "''"S" 

Even with this novel separation of Ve de2S nmSST^ °^ ^"^ 
our experience has been t^Siim^^SZ^r T^l"^ ''""^ subproblems. 

method, such asatmospheric control tol^t^^n^^r ^ T'^ ^ ^^"'^^ 9*"*'^"^ '^^^^ 
ciple,thiseyapo,ationStecom^b 

However, our experience has shown that S^Zmtl^onT^T """^^^^^^^ the wafer, 

concentration and temperature In an effort to b^T„^r!T^l ^ ^ ^"^^ ^ *" the vapor 

zation Of several solvems a w^LTa fonln ^ n ^''^ "'^ ^""^ '"'^^'^^ the isothem^i vapori- 

for some of these sc^vents ^^9^:^ n Rgu^eT^^f^^^^ "^'^ ^«-P«-ture evaporation^es 

evaporation rate and processing time (prefeSv on L^r^ - T ^ ^ processing problem, the product of the 
ness. This suggests L for solverslSaJS^a^oT^^^^^^^^ '"^^ the film thick- 

over 99% saturation. However, th^e Sn be pt«^ a^^°S ^"^^^^^^ ^""^ ^-ve to be maintained at 

supersaturation. Some of these problems Jrl^^to^^^^,^f°^^^ atmosphere to reach saturation or 

condensation on .ther^e gell^ or ungelledSl^rrrr^^ 
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T^i^T i*^,^'^^"" "^'^ e^Jlem »St atmosphenc control. Upon investigating this premise, we 

ing ''e;^sTon'!'g2oral^rUT^^ ^"'-ed atmospheric control dur- 

the atmospheric solvent concentration can t^^ 1^ vSl^!^ P^^^^^'V b« avoided 

ration rate of giycerd varies with tempe^re a^ a^^S^.^^"" f^'9"^e 2 shows hcL the ev^o: 

with glyceroi. acceptat^e gels can^S^^ ^ d^sC pe^o aST^"' ' experienced. 
10 uncontrolled atmosphere aepositing. gelling and aging m an uncontrolled or a substantially 

until the reactions are purposely halted It is b«li«*/«7*S* w ^ ^ ' ^ """""^ *° restructure, or age the ael 
t^-otthesc-Kistruc^rTproiS^tniiSat^^^^^^ 
« greater ability to resist pore collapse durino rir«n. ^ZZ^liT'^' r^'^' ""**°r'"rty of pore size, and a 

niques used tor bulk gels are pooriy suited for So Z^ln lZ^ T "^^^ conventional aging tech- 

erally require liquid immersion of the substrSeS'pTr^y S^^^^^^^^^ P^^^ "^^^"^ they gen- 

aspect Of this invention includes a vapor phase Sg^^S^^ a^^T'n'^'' " '""^'^ * 

■ 'tshrbered'h^^rtr-^^^^^^^ 
^^"re:,r-:ervfs^^^^^^ 

- i-e^ion^a^P^^^e^rrthtSS^^^^^^^ 

5 temperatures. These methods may bTS^eler^l tf^'^^M^^^^ 

However, they work better with lc>w volatii?,1otJer?,?arv thT^^^ P°*"» P°^e 

vapor Phase aging catalyst to the aging alS^h^e to 

beheisr^siscr.^^^^^^^^ 

' has strengthened the networi<. the film wi l teS to den^^^^ the film before aging 

condenses from the atmosphere omothTS^^^^^ 

the aging process and cause film defects strengthened, this may locally disrupt 

thin f^m L:rcrn.t;iS^^^^ ^"^"^ -^ing is beneficial to aerogel 

-pore fluid vapor conce.^ation ab3T,^frH^t^ Z^^^^^ accomplished by actively controlling L 
mm thick 70% porous wet gel de^sitei o^^s^^^L^^^^^ T""* ^^'^ '"^"^^ a 1 

a Single 3 mm diameter dmo of fTuT. 7v"" . Z ™L'L°"'y an^o^nt that would easily fit in 

approximately 1000 times thLer. T^us aSeTcl^o^^^^^ °" semiconductor wafers are 

solvent to the atmosphere) to allow no m^ei^a^^r % ^ l« ^i"^" ""centration (by adding or removing 
ficultpropositon:thesuriaceareaoftheTnSshi^ 

small, in particular, evaporation an^^nJe^on S^a'^ -^^-^'^ 
cenJ:^o::bra"::r^a^^™ 

natural evaporation of a relativeT^, am^^ J^n^^ 'h ^" '^^'""^ ^^'^^^^ ^'at through 

Phere becomes substan^ally satuS inZ^^^^^^^^^^ i:^ZT:^^£ir 

rated processing atmosphere, this method So n^tLt a^i^S n,^!!^^ ^ substarrtiaily satu- 

avoided. particularly during high temperSiT^^r^Sg condensation, which should generally be 

pnsr^?sxx:Sr^^:rj^,r.^^^^^ 

first solvemmolec^es to the^SHh^eLl"^^ 
Preferably, the aerogel precursor reaclant may be sel^^^tTT. ' Polyol is glycerol, 

tially hydrolyzed metel atocides 1 ^ '""""^'^^ °* ^ 'east par- 

so.emnx,.eculesto^e^Sl.orrSr™^ 

solvent molecules to the metal atoms in the reactant is betSeTl 2^d '■ TfJ^ 1"^^ "^'^ °^ 
Of «ie first soK^ent molecules to the metal atoms in ie rt«rnt is be^e^ 2 5 " Z^TTZ""^' 

a.oilingpo.ntlowerthangiycero,.s.T^^^^^^ 
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butanedio!; and 2-methy|.i 3:^opantJoTa^d^ 

selected from the S-up consiS°?o,1S,^^^^^^ f°r/ Po'^o. is a giycoi 

Thus, this invention allows controlled oomsll ' 'n^ ' ''^ ^"^ thereof. 

dri«i Without atmospheric controH 1^" IZron ^. '""'^'^ ^? S^''^"' and 

aerogels to be deposited, gelled, rapidly aged at S^^ tr.?,^. ".^^^ ^"^^ nanoporous 

trols, such as limiting the volume oTthe agi^ cten^eT ^ """^ """^ P^ve atmospheric con- 

meth'odrnSist r:;^^ ZZz'':^zz^TsZ^rT"^' ^^^^ ^^-^ 

SOI upon the substrate. ThlfaerogXecurir^^^^^ P^«C"^o^ 
vent comprising glycerol- wherein the mola/LS S^Z '"^^'-'^sed aerogel precursor reactant and a f iret sol- 
least 1 : 16 . T?,e method fuZ'c^^TsS ^c^l t^eT^^^L" f^"™' ^"^ ^^"^ ^t 

molar „,io of fte molecules of glyoe^l «„he meta, atoms" me r^STis b^^j L« 1?,'??^™:^*" 
•s also prefemue that Ihe nanopomus dielecliic has a porosity or^ nifS^Tr^rt'L " 
than 25 nm. In some embodiments the aemael «»" 60% ana an average pore diameter less 

m has a tailing point l^r^ I^^T^ST^^ ''"^'^^ «" «»- 

1 .4-biflVlene glyool, 1 .5«ntanediol, a^ combiS a^T^ 'X ' °' 

the agmg fluid is replaoed by a drying fluid TWs an™» e rSoM^^E!^ Wore drying, „ so„,e embodimenis, 
with a fluid that eyaoorates bste, aiM =Tirf!?t!*:.^^ lower temperature (e.g.. room terrpeiature) drying 
ethar^l. ace^ne'^^^S'a^^s^r^'notriSrS""- " 

BRIEF DESCRIPTION OF THE DRAWINGS 

to J.o'lSS'dlrrifrSr''"™^'"'"""" 

Rgure 1 contains a graph of the variation « »aparaticn rata with saturation ratio and solvent type. 

^ura 2 contains a graph of the evaporation rate lor glycerol a function of temperaure and atmospheric saturation 

^'nl^o'^li'ca're^' '^'^ '^'^ =^ 

^u^s^malnsagiaph of the vahalion Of modulus With density foranon^lycow^a^ 



figure 7 contains a graph of the evaporation rate for.cthylene glycol as a function of tenperalure and 
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saturation ratio. 
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RBure 8 eonaftis a graph snowing tne change in vapor p,«sure with ttmperalure. 

Rgure 9 conoms a graph shc^ng the shnnkage of a ffiin liln, wn«, dned in a 5 mm n» comainar. 

Figure 1 0 conBina a graph sho^ng »,, shnntege ot a min film whan dhed in a , mm «* comaine,. 

« figure 13 is a flow Chan Of a deposition process for a nanoporous di«eanc ac=o,d.h, ,o the present invemioa 

oi,rdSS?issjg?rrjr:Sor°'*'^'~ 

" . S*r.2,?Sr*'"^"'^'"'~'"='^^'"'^--«^-=<"«^««™"'oneen*od. 

25 

Figure 16C contains a cross«ctional view of the same appaiatus in contact with a substrate. 

iSron"':^ rfuSS' "'"^^ =• ~ » 

30 

- - Se'asi'^'Jfhe'^^^o^^^^ cross-section^ views of add«ion^ apparatus configurations w^ch illustrate 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

4c in« iTJfw ^'""'"^^ '^''^^ ^^"^^ "PO" tl^ng. thus forming xerogels hav- 

SiS^^ ""controlled drying conditions of xerogel filrr fo mation it has beTn nerther 

thSn flTr ^^^0^- assregation. gelation and drying st^s during to^mion S 

laTeSe^ruS^^ 

oos are generally unsurted for depositing high porosity thin films with a controllable low density because in an aemnoi 

tht « m dtS^ nn^^^^ 1 ^ '^^''^'^ ^« <°"«^"9 are desirable for aerogel 

thin film deposrtion. particulariy where the thin filmJs required to planarize and/or gap fill a patterned wafer: 

1) an initial viscosity suitable for spin-on application 

2) stable viscosity at deposition 
so 3) stable film thickness at gel time 

4) a predetermined solid:liquid ratio at gel time 

5) gelation shortly after deposition 

'5 ^l«em i^^S,"?^""' ^"l'"^"^ "^'^ ''^^ ^''^ '"eet these conditions. However, in accordance with the 
me™cironf 

The methxl of d^ositing and gelling such a precursor sol can be best understood with reference to Figure 15 

DO and an inrtial viscosity hO. This is preferably done in a controlled atmosphere having a partial pressure of the IcS 
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volatility solvent which ore^^PtarHe ^ 

5 during th.s time At the TsJ^Tlf 'T'"" '""^ ^^^-""'^"g X^Tc SeTin t'"' 

thickness Should stabilize or pJoce^S^S^"|; 1 °' "^"H''' ^ t.e'^^pol^^^^^ 

ratio and thickness fo^thethi^^i,"^^°t:'"^™*^^"^^'^*^•^^^^^ 

^^r^L^'i'^'^- P^="'a^'y those with solvents aS. ra^^mr f ^'''"^ ^ Sreaterthan o. Howe.^ 

of penod T1. Additionally, during time period ^^rTa^S^r " * ''"'""^^ '^^ gel toward 

Mi^ntjolled atmosphere. This catal^ Sly 

crc^-iintang. Althoiigh little or no evaporation prSj^l^ nZ^^' "=^^"9 P^'^noting rajS 

ge.a«on^ep°:rir^r;re;?r;^^^ Consepuen^y atter 

oraton. Sometime during time period ^ n^^L 1"^?' ""^l Po^^ Passed byVmrg e^S 

2«^«'^advamages Of this new approach are^riert^^^ 
to !f 9«"«'-^"«2^e ^Ttime^r^^^^^^ ^^"^^^^ ^"^ ^^'^^^^ are both 

toa second known value which can be independe^s« by »lt^^^^^ " ^'""^^ ^^"^ « kn°v.n value 

low vjscosrty f,lm may be applied, quickly reScedra pri« l'"^ "^"^ ^^''^^ method, a 

T^e preceding paragraphs teach a method S^^r^n J^^^ 
srty. However, rt .still leaves open the question of ^^s1J^[ independently of the dried gel den- 

^5 sdvent evaporation rate for tradition^' aerogel ^leS^tle^se^^^^^ shows Lie 

and temperature. In an effort to better undeianj trt^roc^^^wrn * JT^ concentration 
a wafer as a function of percent saturation"Sis SnaTh^i^^ "^^""^ solvent vaporizaton fror^ 

part-cularly Chapters 16 and 17) by R. B. Bird W. ^S^f ^lT^"^" ^'^"^"^ P^-°--a 
ineory. calculations were perfomied for a ran«^ of cnlnT^-^.^^^^^ mass transfer 

rate and pnjcessing time (preferably on the orter of S!n^l1 SonH? °* ^^^^ evaporation 

suggeststhatforsolventssuchas4anol thVa^^^^i ''^ ''9"'''*=^'y 'ess This 
99% saturation. However, there can bT^Te^Sa^tS^lt^^^^ *° ''^ -^'"^"^^ « ovTabo^ 

inode^r^rietrarr^^^ 

atmo^heric solverrt concentration can be wt^^h^^^^^ ^" P^^^^'ably be avoided, the 

mte Of glycerol varies with temperature and ' '""^ ^^^^tio" 

g ycerol acceptable gels can be formed by depSTand Snf^n T^""^^^^ «ith 
atmosphere. In this most preferred approach. ^sr^i^tSL^^^^ °' ' substantially uncontrolled 

during deposition and gelation are typi^iiy limital to ^ nlT a*"osPlere) atmospheric controls, if any 

and/or precu,«,r so. may have irxli^eS^ tCeStSrT^Za "^''^^^ -Le' 

experience that with glycerol, acceptable gels ^^i^^i^^^^'''' T""^^' '"^ » ^« ''^e" 

si^stamially uncontrolled atmosphere. wSh gl^em? ST^bTert^?;!;'''''"'' "^'"^ ^ a 
that several hours at ambient conditions will rwtTeW dra^r^s evaporation rate is sufficiently low so 

•nat With ethylene glycol, acceptable ^^cZe^r^l^^l' ^^^^ ' °- -P--- 
uncontrolled atmosphere. With ethylene glycol lie SerJ SSSl^' ^"^ ^ ""controlled or a substantially 

1.11 sufficiently low so that several minut^ ^art^Sn^T^* evaporation rate is higher than glycerol, hul 
-er. the ethylene glycol-based sols have^g^S^^^S^ ^""^^^^ ^'^^ shrinkage for thin films. Ho^ 

^i.fy.ng deposition. Also, the pore fluids in ^^^s^^.'^7^^^'''^'°'-^^^^^^^^'^ 
comparable ethylene glycol-based sols, thus n^l^n^ow^hS^^^^ significantly higher surface tensions than 
in addition to serving as a low vapor ^^^J^ " "^'"^ ""^"^ 

vapor pressure and water-misable soh^ent ethylene glycol and glycerol may also 
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S,(OCHd. . , HOCH.OH . Si,0C3Hd.. ,Oc„,o„,, . , CH^H 
Similarly, if tetraethoxvsiianp rTPnc\ ■ 
w* *e «,oxy groups: '= « = * a g,y=a„, 3o,.«, „,e ^ ^^^^ 

» •« ). cf»n5e «„ aging ona^'^i'^ 

25 Greatly simplified aging 

Shorter gel times even without a catalyst 

.0 -^O^Sr"^""="---™~o'~.aa«<a,a.»,„„a„^.^_„. 
Very high surtace area (-1 .000 m^/g) 

S 9?r n 5"'' ^' ^"^^^ correspond to d^eil^ ^J^t T ^ ^^^^^^V °^ -1 

1 .2 for 91% porous. The actual mechanism that m^f ?T '^"^^ <^ 1-4 fer the 86% porous and 

because the gels have high mechanical s^rn^t^S^^ not fully known. However it JSy^e 

a combmaiion of these, or some other facto.^ TONSIL .t^"'" "^^^^ ^ ^^rface OH (hydroxyl 
Ifdesired. this process can be adjultlS^v^Trt?,^^^^ 
to about 50%. Typical prior art inef g2 2 s^L, p^e sttT" '^1°'^.^ ^"^ fmm a^cSe^^ 

moamcaton step before drying to achieve these low den JT^ eq^^ed erther supercritical drying or a surtace 
than 50%; these prior art xerogels had substantiaJIv larn«r n^o T f ^ ""^""^^ ^^ve porosities greater 

gels have significantly less mechanical sSZl^idS^^^^^ ^hese large pae^J 

vl°^~Jr°^---«=-w50%.Poror^^^^^^ 
"Thus, this invention has enabled a new cim«i^ « 
•-roK,ased method allows both buHc^ S^nTe^S^to SI ''^-^ ™s new 

•e dunng drying. Density Prediction - By varying the o^ l!^^?! ^"^^ *° P'^®"* substantial pore 

can be accurately predicted. This accural JLvdufr*?^?. ^ "'^^)- the density after 

.'lycerol solvent As our process sho^J!j^JZ evaporation allowed by the lol, voT 

P; non Of thedensity (and thuspor^t^rd?2!7^«,^,^' '^"f"' aging and drying, this all^'a^^ 

e^e:..argeprcb.emw.hbu.g.s.ithadUybe-jr^^^^^^^^^^^^^^ 



8 



35 



40 



45 



50 



U 775 669 A2 

strengthened the networK the film will tend to deSn x^i iT ^ the film before ag^,g ha 

denses from the atmosphere onto the thin f ilm reSr^^Vn^^^^^^^ ^-"d. if excess pore fL con'- 

^ '^^^ strengthened, this may locally disrupt fte 

nanoporordiErc'"S?p^mc'S^ °^ «'"^ nanoporous dielectrics Other thin film 

- controlled aging atmospherl Dun^rep^I^::; fZt T^^l ""'^ -densa.^n.^r;'^ eS'T 

behave smlariy to the ethylene glycol-tesed oroTii ^^^,^5 ° gl/cerol-based proceSeS 

'cally require atmospheric controls to pr^tTonSl ^ glycol^aVeS 
^st, the glycerol-based g^s have d'^^^S^Hr^ ^7 ^^ing, even at room tempe^u^e'? \f 

atmospheric control to be loosened or eliminSd cr.^!Z ^^^ ^"^ ^""^^^ ^^"""9 aging. This allc«^ 
. -°P--diele^^^^ 

Shorter Gel Times -- The use of glycerol sub^^ temperature or high temperature agina 

. cursors have gel times of at least ^Ss^:!^ J^tXl^T'T. '^"^ ethanol-bSS'pre- 

th^ some glycerol-based precursors ^He^^Z^^n^Znl'"" discover^ 
faster than an ethanol-based gel. but al^ sur^risiS SH^^^n 2.°^ ™^ "ot only 

5 J^^^fe^twodifferemethyleneglycol-basedco^oLi?^^^ ^'^"'"^^ ^'S^re 4 shows gel 

gel fmes are for bulk gels for which there is no^ZZl^° the a;T,ount of ammonia catalyst used. These 
Evaporaton increases the silica content arxl Z^^^^.'^^T^' ^ "^^'^ ^ 
.mrt for a g«.en precursor/catalyst The gel times^^,? ^al? ^'"^ '"^^ ^ the upper 

^ conventional ethariol^^sedprecu^^ cSl t^^eS^^^T^ 
' traton of ammonia catalyst This implies that it may bTrx^SL ^"^ dependence on the concen- 

For thin films of these new glycerDl-bas«^ S 9«' «'"es. 
tion catalyst. We have iderrtified sLerS^a^^'l^'l' w*thin seconds, even without a gela- 
tion Of a catalyst. One method is thTcorSS^ Tm?J^'°'^ *" ^''^ "^^'o^t^ie ^i- 
Ariother method is increasing the pH by allcJ^S^^a^cirth^^ """^"^ ^ ^'^'^ «"^«"t to evaporate 
rehes on increasing the precursor sol p'h tZpSe geSon TZf ^ TT^' ™^ ^^-^^^ '^'«**°n 
requrre a pH change from below 7 to above 7 Thire^nS, h . ■ ^^'^^'^ P^cess does not typically 
P^ess. greatly speeding gelation. At roor. tln^'^^;^^:'^^ "V^^"' ^ ' ^'^^ ^^^^ <^'ysis 
.on rates comparable to ethanol. Varying the a^c^tions JS^^^ tTf 

i'zmg acd provides a simple, yet tremendous fSe^hS^ S^J °J ^'9' ^"^^'^ «"^«"t(s) and/or stabi- 

Higher Strength ~ The prooertes of thT „ . T ^"^'"^ t^^e gelation time, 

evidenced by both thar^:Sree Sd^ ng SSo^Sr^'" ^-^^^ ^ ^^'^ '^■'^-nt from regular gels as 
Thus, upon physical inspection, the Qlvcer,.^;:^ w.^^^^^ ''"'^^^ ^^""9 of the wet and drv aels 

pared to both conventonaLand ethyT^e gS^s^^riS trpl^^ P^Per^es as com: 

■sostatic compaction measurements of one sanSJ7r«W "^^ure Sshows the bulk modulus measured during 
ethanol-baseddriedbulkgel (bothhaver^T^^it'^^r^^^^^^^ glycol^ed and one conventiona' 

ture. botb samples exhibit power law deperidence erf mS!" 1 *° ^^=^^5 °f the struc- 

obsen^ed in dried g^s. However, what l^sS^S^ t T^ZTJ^l^' ''^"''"'^ "=-"y 

densrty (and thus, dielectric constant), the ma^^ c^^sS^JL t^^""^ Slycol-based dried gd. At a given 
tude higher than the conventional dried gTTell^r^J ^'^ "'^e^ ot magni- 

stronger than the ethylene glycol-basS g'^ ^^^^^0^°:? T°"' 9'yce""-based gels are eSn 

based on the Shrinkage during drying. The r^sTr^^S^nl iS^l^"^^ '""'""^ ^"^ ^"^^"^o- 
experrments indicate that our rapid gelation timTaSo^ L^^?^ ! ^ ^"^^'e^' Preliminary 

strengths. ^ ^ "^'''^ P°^« ^-^^ '^stnbution may be responsible for the high 



55 



9 



size distribution. However 



distribiition (as measured by BJH nl^a^L™ distribution. Figure 6 shov^ the pore size 

g/cm3. The mean po^e *S,ete^(dS^^ ^ ^"''^ ^^^'^ « ^^n^ity of Lut .5? 

cylindrical, diameter, as usedSinTcSaTrS^thi ^ "^^f ^"^^ ^^P'^^' truly 
to volume ratio as the overall ^^^^^ZT^^^.Z^:^'' cylinder with the same surface area 

advaCiSTrerSreTrS^^^^^^ 

One important advantage is thatthis nL mSioi J li d.electncf.ims on semiconductor wafers. 

Pheric controls during deposSon or geTtion ' "^"^""'"^ '"^ * ™ -tn,os- 

desi^J.rfag?«,^S™f^^l^^^ 

ger Challenge than deposS,n. TheTri^^^Sst^ Srde^c^\'^.''r'r ""^ '^^^ ^"^^"^ ^ 
place in minutes, or even seconds- room temoeral^e LVnn TZ.u ! "^"^ temperature gelation can take 

vkles acceptat^e Shrinkage toralhS^SC^^^^^^ 

ened by an order of magnitude. unacceptable shnnkage when the process times are length- 

on the order of min^£ ^TsragilZes a^o^i^^^^^^ ^" 
and ethylene glycol-based gels.Tus ^^tiese ^^4^™!^ °* "^"^ ^"°'-t«sed 

•=nrm^irr.^cSre=^^^^^^ 

such as nanoporous didectrics. is that the thickne^ iSes shoS dS^^ 
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Approximate Aging Time as a Function of Temperature 
For Some Thin Rm Glycerol-Based Gels 


Aging Temperature 
(Degrees C) 


Aging Time For Glycerol-Based 
Gels (Order of Magnitude 
Approximations) 


25 


1 day 


100 


5 minutes 


140 


1 minute 
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Aging 



TimeAem- 
perature 



Approximate ThicKness Loss During Aging vs. Satiimimn 



Thickness Loss During Aging 

Ethanol-Based Gel 
% Saturation 



EG-Based Gel 
% Saturation 



Ratio. 



taiycerol-Based Gel 
'% Saturation 
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passi>,e control involvjpiacing the gel in a^S^ ^"^ evaporation losses. This 

invention, evaporation from the^fe^aci to Silp?! ""^"'^ ^"""^ ^^'"S- ^^pect of the 

any gh,en tXrat.re.th7s ^^rSon^^rc^!^^.'?"" T° °' '"'''^ At 

vapor pressure of the liquid.Xt3C"ra^t ^"°"9h to equal the 

liquid solvent to evaporate as a higSr ^rTSl rS^? „ P'^"^" ^s much 

with temperaturel^severJLle^ '^'^"'^ « ^^^"^ ^^"^ vaPor pressure varies 

ure 9 shows an estimate S h«^S of lavS^S^lr^ ^"^""^ evaporation can be calculated. Rg- 

in a 5 mm high cy.i:Sr„'rnr^;r/L^^^^^^ X'fsJ ^ ^^^^ 

container with a 1 mm high airsoace ahovp thp u«far ^ "^'9"™ 10 shows a similar estimate for a 

preliminary goal is feasible u^^20d^;es c w^^^^^ ^^^^"^^ ^''^e. the 20 nm 

based gels With the 1 m,^^rS«ce So nm oL^ Si! "^.l'"' ^ * ^° ""^""^ ^ for ethylene glycol- 
0els.^o.yupto80degr:eT?'=f:;reei;r^^^^^^^^^^^ 

less evaporatioa Passive evaporation control usino the i mmnnr^lo temperature processing allows 

Of a mm thickfilm) forthe^erol-basX^" eVL lo"^^^^ ' °* '^^ ^"^^ 

The2S^i^™'r,;!Sy^^cr^^^^ to inaease. 

typically allows only 5 ITl^Ir^^l^ Lt^^^^^ volume^ However, even a 1000 cubic centimeter container 
gels generally experienc^ ^ S^^r Sc^Toie.^^ P°™^*«y 
ness losses. ^ '"^"^ '"^^^ 9«"erally experience slightly smaller thick- 

p.anar;i^anZbir;^1Jrv;S^^^ ""k ^"^^'^ ^ ^^"""^ 

2=:ir^~si°S^ 

of these mixtures. 7^1^^^^ 5^ ' ^"^ ^'"antities of alcohol significantly reduce the viscosity 

preheat should improve process co Jol and may mpS-e^ fSlTar^cu^Sv t^^Z ' ™' "^"^ 

Dr,«, gels p^uced «s simple «n ,IN aeroge, «.c«io„ proSs »e~™„';:^5Srs»e ■ 
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of these uses may not have bepn rrtf^+ 

mal isolaton layers (including thermal isolation dermal isolation structures and thT 

co^am thin films prefer PO^Zr^^ZT^'S^'J^'' ^ « rule rj^^ lo. Se«^' 

5 90%. thus giving a substantial redu^^ZlS^^^^^ applications preferring porosities greatr^fan 80 o 
may limitthe practical porosity to no more than^ =^"'=^'^' ^nd meg^i^^Z^r^toZ 

mal isolation layers, may need to sacrifice so!S?pS:ZTSh?-Jr'''^'"^ ^'^^^^ 

requ-rernemsmayrec^iiredielectricswithporosTiSr^^^^^^ and stiffness. These higher stiffni 

espeaally sensors, where surface area nay be TOr^nToS!, *!^- strengthrtoughness application 
w gel wrth a porosity between 20% and 40% "^^ ^« P^e^rable to use a toS plj^s^ 

9e.s^::rrefursr;t°i^^^^^^^^ 

febricate gels now make marJS Sui p,a^2l JL?n °" '^"f stre^ ^^y to 

as a substrate that does not compr^e o^oSf m^' SJT'' °* ^ P^i^'e substratf« d^n^ 
« between the aerogel and the elecSSnics. SoT^l'^e bv t ''"^ '''''' "° "^e^cto^ 

uses .n Chapter 14. These passive uses may part2?yTndi2l t T ^"'^ ^'^^ '^^^^ several of these 

coatV^s. and some types of porous cStS ' °' ^'''"e tVPes of protectVe 

70% por^irg? S?oSrve^i.T:^r^^^^^^^^ - ^-'-y range from 2.. porous to 

20 ower porosities (down to 10%. or below) may L SuTfn Ih^Jfrl^^^^ ^'^''^^ P^ection, and 

h.gh .ndex Of refraction. In some single layer AR <^X^-n Z^^r2Z °' °" "^^'^ ^ 

•and 55%. Higher perfom«nce. multi-layer AR z^^s^^ZTj '° ^ P°™=«es between 30% 

next to the substrate, and less dense lavers /p n T k ^^"^^^ '^^^"^ ^^ S- P°r°srty between 1 0% and 30%1 
strength.oughnessapplicaS.^S^i^;^^ 90%) next to the air interfac^F^hS^t 

^ erable to use a low porosity gel wS^ poros^be^^ f^T^ ^T'^^ S"'^- " ™y be pref- 

srty practical, thus needing porosrties S^^t^^aT^'Sl o^^n 95^ """"^^ 

^^^^^^^^^^^^^^ 

strength and integrity considerations ^S^rpr^SSZ^ stru'ctura 
mcluding sieves, may need to sacrifice ^me poraS^Sa^^plT "^^J^ ^P'*«tions. possibly 

ments may require dielectrics with porosities £^towl so fn S ""h T"'^"' ''^'^^ ^"'"'^e- 

s.tty including catalyst supports and sensorfrerT^r^cf a^J r^L"^' strength/toughness applicationrpos- 
55 - Preferat^e to usealow porosity gel withapJ^'siTbl^^^^^ '""^ than density, it may be 

'^^^^^^^^^^^ 

est). Under the uncontrolled drying conditic^tsTx^oaeT^^^^^^ 

collapse. However, in thin film aa-ogel fomTon iTrS^ el^T h.^ J^"' '""'"^^ P°^«= permanentiy 
include Silicon. germanrm%'4''g:,,^^'^^^^^^^^ 

insulation layers, and many other commorsSrS nSth^l'JT^' ^"^"^ wi"ng and 

conductors 12 (e.g., of an Al-o.5%Cu cor^S^lr^htTon 3^^^ f ^ Several patterned 
^ at least part of their length, such that the/are separaL bT^a^s ?f ^Tll f typically run parallel for 

micron). Both the conductors and gaps rray tJeh^^^l ^'^^^"^"^ (typically a fraction of a 
ically found in devices with smaller Su^az^ he,ght.to.w,dth ratios much greaterthan shown, with larger ratios typ- 

50 m,x .27 mol TEOS. .84 mol glycerol. .27 mol w^r ^2 MeI ^S^Jo" ' Epuivalentiy. 

stock solution is allowed to cod. the solution^ ^dHl^ IH^S Tl^"^ ' « " ^^'C. After the 
solution: solvent volume ratio is 1:8 However tWs raL ISm ^ ^e^""® the viscosity. One suitable stock 

strate. This is mbced vigorously and ^y stS^^T.^'T^^^^^^^ f«m thickness, spin speed, and sub- 
.s typically wamied to room tempeX prior to fTm dSon 3 5 1*^*^ "^'"^^ ^« '''^^'^ 

55 ternperature onto substrate 1 0. which is then spun at goo^^m ' 12^,?"^"'^: "^^ « 
5- 0 seconds to fom, sol thin film 1 4. The dep«ition c2? be oeS,^^ nZ T^ I" ""^''"^ 
solvent saturation (e.g.. in a cleanroom with non-exoticTumfd^S n ^^fP^^ ""^^ "° ^"^'^l ~"«ro' 
the ethanol. water, and the nrtric acid are evapo^^g CI rt^l^^^^^^ 
.. evaporation of the glycerol is occurnng. Th.s evaporaL te^^^^rti^iS a^^^^^^^ 
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o^orrornS^^^^ does not prevent geiation. This evap- 

12B Shows a reduced thickness sol film 1 S^Tn^^ersSSa 1 ^ 8. R^e 

to the ^ti^'of'SoS^ This ratio is approxin«te,y epua, 

and .ncidental e«poration). As this methXrgt^i.^Te 1^^^ *° ''"^-^^ ««ter. continued reactions 
the density of tf,e aerogel film that will be prodSZTe L t'^^n fZ '^'"""""^ '^^^^ '^'"'^'^^ 

fluid changes somewhat during procLing ^^et^n^^? °° ^^^'"'^ should be noted that the pore 
tion. or Chemical additions to tSe thin film Ag^nr^T^"^^^^^^^ evaporation/condensa- 
approximately 24 hours at about 25' C or by hS^t^S^i^ rTr^ '^'"^ the substrate and gel sit for 

Aged film 1 8 may be dried without subsS del^i^° I?* ^ '"'"^^ *" ^ «'"«^"er. 

extraction. However, with these new gly^S^eS gT^^raSlZ "^""^ '"'^'^'^^^^ ^'-^^ 

aging fluid with a drying fluid and ti^en airli^Z ^ri^^Zn H If.^"'^^"* ^^^^ to replace the 
exchange to replace the aging fWd with a diffeTem f lu^^ Wh^Tr I?. S ' ^ 1 ''^"^ '"^^'^ ^ ^°'-ent 
f iud that is present during drying is sometimi SenS' to 2^v^n / '° ^^'"9 ""'^ °^ Pore 

^0 aging fluid that is dominated by L glyce7o7aTd te ' ! ^""^^"^ ^'^^^"S^ replaces the 

surface tension. This solvent Change n^y beSnZ^^it """"^ " ^^"^ ^ '^-^^ 

• first step replaces the aging fluid with anTer^X e bv dii.n. '''^ ^° «^ P™'^^^- 

alure (or warmer) onto ag«i thin film 18 theTsS^^ L tho ^ approximately 3-8 mL of ethanol at room temper- 
10 seconds. It sometimes requires betLefn 3 a^S^S^^^^^^ approximately 50 and 500 rpm for ab^ 5- 

5 step preferably replaces theirtemiedt^^Tu^ aSvino f^^^^^^^ ^^'"9 

pensing approximately 3-8 mL of hSane a f^SZL^r . ^ ^^"^^ P^^'^'^'V ""^"^es dis- 

wafer between approlately ^ ^^rnT^^^os^^^ T ^'""'"^ ^« 

sequences to replace most of the merm^teil^^^^^^^T;. """^ '^"'^^ "^"^^ ^ and 6 spin-on 
glyceroi-containing fluid before drying^^^^^^^^^^^ '"f «^ us to remove nearly all the 
' gel 18. forming a dry nanoporous die^eSic SS -sf-nally allowed to evaporate from the wet 

with the aging fluid, the intermediate m^vnTKlTJ:':^ satslactorily dried from a liquid that is soluble 

or other suitable solvent. ^ '""^=^es. the wet gel can be dried direcfly from ethanol. 

thed™ngT.°r^trsix;rs^^^ 

■ irrtroduced into the am^here. To prl^^^ <L^^T^lT°T'"^ atmosphere, or a drying gas could be 
boiling point of the drying fluid, such as .Srn^SeS SfnSlfhT ' '^^^^^^^ somewhat below the 
(e.g.. drying without solvent replaceme^The ^rt^^/In 2n 1 ' """^ '^'^"^ ^'^^ ^ S'^'^^^'"' "^^^ 
equal to the aging temperaturrAs the tS fHmS^^lf^^S temperature can be increased to a temperature near or 
Should then be incr^^e me blTnX 

destructive baling, yet insures thralHl^S'isTm^^rG;^^^^^^^ ^^e'^^ St TT^ ''^''^ 
approximately the same temperature as thev boil or ri^Z^^ , 1 ® decompose at 

like glycerol that can decon^s^o Sirsit^n^^s^::,^^^^^^^^^ ^^'^^y ^'^^ 

undried wafer. After drying, it is preferable totete^^nS^ h overheat the evaporated fluid or the 

minutes) to help remo^ any rJ^^Zt^^uT"^^^'°"'^''''^' ^ ^-^^ ^^^'^ «s 300- for 15 to 60 
trie constant (before surtacT ^^^rc^t^:^:,^^^-, T " °" ""^^^ 

bypSL'Te^'a^'^S^^'h":^^^^^ 

vapor. The HMDS will replLTm^h tTwSe^a^oTSl^ ^^""^^^ or hexaphenyldisilazane 

groups. This replacemem may be ^S^^ed « ^^^^S c.^rirTh''"' T ^ 
water and/or hydroxyls. it can alsoTender the drS^lT^^wl , ^'^ replacement can not only remove 

also remove watered/or hydrSi aS re^ier ^^^^ "^^ hexaphenyldisilazane will 

temperaturestabi,^.anth;mXZn^^^^ 

toon?e;;rerth~i:^^^^^ 

em inveniion. laae 3 is a quick summary of some of the substances used in this method. 
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Specific 
Example 

Silicon 

AI-0.5%Cu 
TEOS 



Glycerol 



Nitric Acid 
(HNO3) 

Ethanol 

Ethanol 

Ammonium 

Hydroxide 

(NH4OH) 

As-Gelled 
Pore Fluid 

Aging fluid 



Hexamethyid- 
isilazane 
(HfulDS) 



Functional Description 



Tables 
Substance Summary 
Prefen-ed Alternates 



Substrate 



Surface Modification 
Agent 



Patter.ied Conductors 

Precursor Sol Reac- 
tart 



Precursor Sol First 
Solvent (Low volatility) 



Precursor Sol Stabi- 
lizer 

Precursor So! Second 
Solvent (High volatility) 

Viscosity Reduction 
Solvent 

Gelation Catalyst 



Aging Ruid 
Drying Fluid 



Semiconduaor suostrate. Ge. GaAs, active devices, lower " 
level layers, glass, plastic, optical substrate 

Al. Cu, other metais, polysilicon 

Other silicon-based metal alkoxides (TMOS. MTEOS BTMSE 
etc.). alkoxides of other metais. particulate metal oxides * 
organic precursors, and comb inations thereof 

erol and dihydnc and/or trihydric alcohols. 1 .^-butyiene glycol 
and 1.5-pentanedioL 1.2.4-butanetriol: 1,2.3- butanetriol- 2 

and 2-(hydroxymethyl)-i.3-propanediol- 
1-4. 1-4.butanediol;a nd 2-methyl-l ,3-propanedioI. 
Other acids 

Methanol, other alcohols 
Methanol, other alcohols 

Ammonia, volatile amine species, volatile fluorine species and 
other compounds that will raise the pH of the deposited sol. 

Glycerol, ethylene glycol, water, ethanol. other alcohols com- 
binations thereof. 

Heated aging fluid, heptane, acetone, isoproponal. ethanol 
methanol. 2-ethylbutyi alcohol, alcohol/water mixtures ethyl- 
ene glycol, other liquids that are miscibie with the aging fluid 
yet have lower surface tension than the aging fluid, combina- 
tions thereof. 

hexaphenyldisiiazane. tnmetiiylmethoxysilane, dimethyld- 
imethoxysilane, trimethylchlorosilane (TMCS). phenyl com- 
pounds and f luorocarbon compounds. 
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glycr~Sn^^^^ prese^ invention, .ix 150.0 .LTEOS. S.O 

tion/Epuivalenti, mix .67 ™, tSs S'^n^^^^^^ 

reflux for 1.5 hours at - 60-C Atter hfstS "fln^! ' f ^"^ ^'^^-^ and 

be performed in an atmosphere that is not sol^ rorJSll^o o !SnS m ^ ^'"^ 

ail (about 95% or mS) o^^ «J^^t7has be^^^^^^ ' "^^ ^^^^ substantially 
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Mrtom a noivsupercrltal arying, such as a 50lJma«Z,S «^!^ Ste. it is preteraue „ 

^ in ma lim en«oZm. Tha^n^S^'c ^'^"S, <i«"e «.e drying 

Equn/alerrty. mix .93 mol TEOS. .W mol glycerol 3 SS mS^„„?^, f ^""'^ at - 60-C to form a stocksolirtion 

vscosity. One suitable stock solutionsolvem Jii^S ^ if it!:; f"*"^ ^ * ttie 
erator at - 7«C to maintain stability until use iSTsoSn is t^l! ^"'^ ^''^"^ ^ refrig- 

ml of this precursor sol may be diaensed a ti^rj.. ^° ^^"^^^'^ P"or to film deposition 3 5 

rpm (depending on desired film ST^ S 5T0 S^LT: f ' °- ""'^^ '^OO to 5(^o 

« formed in an atmosphere that is not solveri c^£^d (e a "^dL^lt' «n be per- 
controls). During and after this deposition aSSnTno ^""^ ^ ^ ^'"'"idity 

erors low volatilit, no substantial l^Z^^^sZ^^l^ "^^'"^ """^ ^ »° 9'^^ 

cemrates the silica content of the solS,m,ing redtLeS Si «S^8^^u^^^ ^"^ 
18 obtained after substantially all (about 95% or more) oT^wl h 1"'^ shows a reduced thickness sol film 
20 causes gelation within minutes. ^ This concentrating typically 

Further processing generally follows the process described in tho r.r^ 
■ gens comprises a porous solid and a pore S^^^^^J^^l''^''^'"'^"'- ^hin film wet 

temperatures. Aging may be accompliJSL "^^^^^ ^ °^ «"«^°"«^ 

may be dried without substarrtal densification bTone^f stiS r^I^''°".T'" 2'"' 
25 solvent exchange followed by air drying H».e2r ^X J^^^ ' supercritical fluid extraction, or a 

based gels, it is preferable to air dryTe fflTltS^rS^^f ^ « . ^*^''^' formulation of these new glycerol- 

exposed to an atmosphere that is n« n^ ii!a^"^ Kna fll*? '"'f '^"^ '^'^ -'^^ 

a low volume aging chamber, thus exposing^e ge^u^L t^ u ^ 

introduces a drying gas into the ag^^S^S or atSiere t^.li'^T^''^ atmosphere. Another method 
perature can preferably be increased to a te^ei^Te^ or ZZ!^^ "^l"' ^^"^ ''^'"^ 

drying reduces surface tension and assoa^^n^aT^^n temperature. This high temperature 

becomes predominately dry (typically^in teSiTfor h?h^ ^ '"^"^'^ P^^ng. As the thin film 

increased abovetheboLgpSSTS^aSS^ temperature should then be 

prevents destructive boiling, yet insZS S 

- Which can decompose into'iciic sSS « e shouwT^ ^^^^^ T?? '^"^ ""''^ 9'^=^-'- 
wafer. The nanoporous dielectric can then be SecJ^ to a n«S^rCl? ^ evaporated fluid or the undried 
in the first embodiment. The theoretical d^lec^^^JlS teSf ^ ' ""^^ modification, as described 

In accordance with a fourth embSimert ^ hf^^^ modrf>cation) of this embodiment is 1 .76. 

ethanol. 22.5 mL water, and 9^ mTlMTNof^^^^^ m,x 278.0 mL TEOS. 61.0 mL glycerol. 278.0 mL 

« mix 1 .25 mol TEOS, .84 mol glycerol 4 76 m^l e^noM 25 mn^ T "^"^ ^ E^ulval.n^y. 

at - 60-C. After the stock solution^ allow^tD S^r ip li Z '.^"^ ^''^-^ "''^^ and reflux for 1 .5 hours 
One suitable stock solution Jvem^^^^l^^ .^^1 8 T^,f L mT^J' ^ ^« 

- T-C to maintain stability.until use C «Sn is wan^^ rmed wgorously and typically stored in a refrigerator at 
precursor sol may be d^ens^ at mom t^^J^^^ ^ 

s (depending ondIredfilSi)foraboT^^^ '^^^ ^t 1500 to 5000 rpm 

in an atoiosphere that is not solv^ .SS fe o ^nnfJ 1 f ^"^ "^^ P^-^^^^^d 
trols). During and after this d^SntX^ no eSn^l ' ^"^*d*ty 

low volatility, no substantial Xr^o^^^rg y?eS^^^^^^^ ^^^'^^^'^ 
trates the silica content of theSformino r^ucS tlSl^^^^^^ ?® evaporation shrinks thin film 14 and concen- 

' obtalnedattersubstantiallyJ^^S^S^^^^^ shows a reduced thickness sol film 18 

gelation within minutes. ^ °^ ^^^^ This concentrating typically causes 

gel18tr^~orS'^^^^^^ 

temperatures. Aged fBm 18 ™y ^dri^l ^S^^.' S^^^^^^ ^""^ °^ "^^^ «"^°"«' 

^ :s:irr=r^."^rrISJf ^^^^^^ 

in acoo^anca with a m ambodinam of ,ha p,aa», i™«ion. n* 609.0 mL TEOS. 61 .0 mL giyca™,, 609.0 mL 
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ethanol. 49^ mL water, and 1 .97^P| m hNO-* arri retfu ,v w i c 

mix 2.73 mol TcOS. .84 mol glycerol 10 4 ^ 1' ~ "^"^ '° " =P"««'ently. 

at - 60'C. After the stock sjlon ?s atot^ ol^oTt^^^^^^^ """^^ ^"^ ^-5 hou^ 

One suitable stock solution:soivent ^me rat 0 is VB L T^' ^° '"^"^^ -«°^*ty. 

- 7-C to maintain stability until use soiSS, ' i JS^ m«ed wgorously and typically stored in a refrigerator at 
precursor so! may be dSpensed at raort^r^irrn^o ^""^^^^^^ »° '""^ deposition. 3-5 mL of this 
(depending on dired film tf,icSi)for^S^^ ^ ^^00 to 5000 rpm 

in an atmosphere that is not solvem c«^lS fe o ^tr^ T f "^^ ''^ P^'^^^^^ 

trols). During and after this deposSn ^i^t " ^'^""""^ "°"-e«*= humidity con- 

, l«v volatility, no substantial ^or^tic^T^rgrLS^^l^r^^^^^ '^"'"'"^ ^""^ ^ '° S'^^^^^''^ 

trates the silica content of thesS form^o reducS i^^^ "^"""^ ^''^ ^"^ 

Obtained after substantially all (aboS 1^^^^^^ '^^H!'^ ^ ^"^"'^^^ 

gelation within minutes. "'^"'"""^^ '^**'^'^*«'h^''««" r«'"'«ed: This concentrating typically ra^ 

gen^tr^^rs^jssrpo?:^^^^ 

temperatures. Aged film 18 may ^dri^ ^Ssu^' S^^^^ T"" ""^^ «"«^°"«^ 

:srntri~^^ 

.^ib.inthefi.e^.i.err;-S^ 

during drying. C?. L^re^Sa-iTth^Ltr To^ """""^ "^'""^^ °^ *° «h""'«9« 

adiustment.?emperature caS:oToLT,^^T^Z'^Z^^ ™« «"nP^«e pH 

high volatility solvent evaporation attrgeS " « is also permissible to allow 

dried':S,1«estSe,^e:e?S:^^^^^^^ 

tially dJereTn l!SIr^^"*'T!.'^ ""^^^'^ P^^^e^sing is substan- 

naiiy different. With different stock solution mixtures, the following example can be adaoted to orovidp hi ,ik noic 

glycerol. 208.0 mL ethanol. 1 6.8 mL water, and .67 mL 1 M HNO3 and reflux for 1 5 hours at - soT tn *nrm = 

ref lux for 1 .5 hours at - 60-C. This >s typically stored in a refrigerator at - 7-C to maintain stabilrtv until use ThP J,^ 
solution IS preferat^y warmed to room temperature prior to placing into molds. After^^^ mis L elhSoT 
««ter. and acid is allowed to evaporate, but due to glycerol's low volatility, no substanL^SonTthr^cS 
occurring. This evaporation reduces the volume of the stock solution precursor sol and co3^S^,?e^to co ™em 
of the sol. It IS allowable for at least some of the evaporation to occur before filling the mold TOs orIflir!S,!,rin^ 
n^ghtbeespecallyusefulHtheconfigurati^ 

Zn ^rT^ J"T" '^^'^'^^ configuration that is incompatible with shrin^. t^ s ^oTa' 

on IS not required, rt has several advantages, including faster gelation wrthout a catalyst and less shrin'kage aftTg Ja- 
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After this evaporation, the sol has an approximatelv knc««n r^n ct 
approximately equal to the ratio of TEOS to glyc^oTrn tht^^l^ °* ^^^^^^^^ ""'^ ^ ^« 9«' This ratio is 
contnued reactions and incidental evaporation) ^ tLis r^e^hS^ JT ^""^^ '^"^ ^ ^«"3'n*n5 water 

th^ rato determines the density of STTerogel Lt ^ p ofj!? ^'^ '^"^"ently col apsing 

5 W.I, ge soon atter substantially all of the water, ethanol.^nS a^^s '^"""^ ^-^"^ soi 

Altematveiy. one may catalyze the oreciirsor with .;m «^orated. 
the sol typically gels in minutes. We he^^^^^^ before filling the mold. Wth this mixture 

■cally. the gel will shrink during this ^o^oT Hol^eT thT' h ^ evaporaH^^ 

stantially complete, the sol has an SSroSSte?I^l^ri''.T^ 1^ «^'3t*on is sS- 

approximately equal to the ratio of TEOS to ^cIlTn o~c.^n w^'"" ^ ^'"^ This ratio is 

continued reactions and incidental evapomtion^^^^ tJ^^s^^^^^^ ^'^''^^ to remaining water 

th.s r^o determines the densrty of th^eC tt^^il^Tn-iS ' ''^""^ trom permanently coifapsing! 

- approximatdy24 hours at^out25^cXh«LX1^'o i5o'^^ '^"^ ^"^ ^el^rt fo; 

h.gh temperature aging parameters are valid fofa 5 1 d.^«f?ik^^^^^ ^ ""tainer. These 

mal conductivity, the high temperature accelera^ ^ng^^eS'^^^^^^ 

upon the configuration of the bulk gel terrperature combinations are highly dependent 

will dry the gel. exchanges lor aging or drying). A sJow ramp to and hold at about 500° C 

.t in seaied tubes containing ethanol ^aUow a porTS^^^^^^^^ ''Tf ^"'^ P'«" 
-nterval. rinse the gels with ethanol and then s^?e n frSh^S in 1 „ f I? '"^'""^ ^ °^ « ^ hour 

■nteryals. replace the ethanol with hexane inTSr^ia^t^^rTl" Xn." h """^'^ "^'^^^^-^^ such 
nearly all the glycerol-containing fluid before drying teXnTfldd ^h^!^ J^"'' ^ ^«™-« 

^ rate from the wet gel. forming a dry aerogel X film Ln^^till^f .^^^^ '1^1 ""^'^ *° ^^^O" 

a^^ntermediat^ 

' to dehydroxylate (anneal) the dried gel. iS Z be iTe JoZ^^Z7 ^'"^^'^^s- « ^'^o ^esirabe 

surface modification agent, such asLethylc^oro^iianrr^IlSr^^^^ " '^'^ """"^"^^^ ^ 

zane vapor. The HMDS will replace much o? thL^?eTa^2Jor °' t^exaphenyldisiia- 

methyl groups. This replacement can be P^TS ^T J^^^J'^'^ '° ^el's pore surfaces with 

remove water and/or hydroxyls itcanalsorerde7tSririIS „ . iT f ^^^^ °' ^eP'acement can not only 

v^I. also remove wat^ anX ar^r^nlrt^^^^^ 

higher temperature stability than^^yl^^^Js ' ^^oP^^obic. However, the phenyl groups have a 

ethySn^^r^C^^,^^^^^^ mbc te^ethoxy^iane (THOS), 

at - 60-C. After the mixture is alloweTto c»ol ^e s^l^^^ : 2.4 : 1.5 : 1 : 0.042 and reflux for 1 .5 hours 

volume) original stock solution and 3S>^y^ure)^ti!Sno, Thtff™ T *° ^ (^y 

ator at ~7-C to maintain stability untluse T>S Ti^^^^ 1 ^'^'"""^ ^""^ « ^«fri9er- 

ture Of stock solution and oSm nTo^c^IvT to room temperature prior to film deposition. A mix- 

sol may be dispensed at room temp^mlTSTJc^e "o vS 2 S"*'""* '"'^^ '"^ °^ 
desired film thickness) for about 5-10 seconds^ faTS? I ^ , ' "P"" ^ *° 'P'" (depending on 
Phere that is uncontrolled. H^eve 'it irjr^t^^^,^^^ ^ ^1^1^^°" Performed in an atrSos- 

controls. During and after this deposition and^ni^a S^^Sfl ^ ^"^"^ ^^"^*dity 

to ethylene glycol's low volatility, no subyr^al^S^n^^^^^^^ "T," " ^'"^ 
thin fto 14 and concentrates the silicTc^me^r srjrr^'^^ This evaporation shrinks 

reduced thicknesssolfilm 18 obtained after^^ntiSvaTrphH^^^ ^ ^ '"'^^^^ ^^B shows a 

™mThasT"""^r?r^~ 
to^ro^^sToZr^iyco^tr^^^^^^ 

reactions and inddental evapora^on). To the ^^^^17^^''°^^^^' *° ^^^r, contTued 

the densrty of the aerogel film that J. be p;^SL from Jhe sd thir^^ '^^^ 
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After gelation, tne thin film wet n&j i n r.««^,^« 

fliiri Changes somewhat during procLng ^^t^^^l^ temperature. It should be noted that the pore 
densation. Aging may PreferaSy^eSS.p^^e^'tJX'^^r re^ce%*'^^ evaporation/con- 
5 mately 5 minutes at about 100 degrees C. ^"^ ^ a9*"9 =fia"*er for approxi- 

^exnar^a^ore^t'^Lr^^^^ 

fluid, as described in the thirt glycerol embodLen?^f nrnTn!!! J ^"^"^^ ^° ^« from the aging 
and/orasurtacemodl,i«ion'^de^'^T«:e1^^^^^^ 

rHOS??CrgS,r.%rj^^^ -en^on. mix tetrae^oxysilane 

60'C. This is typically stored in a refrigeratorat - n^l? ^ * ^ ^ ' ^ ^r 1.5 hours at > 

to room temperature prior to film d^S 3 5 mT of ttTo^SlT' 7 ""'I"''- ^^^^^^'^ ^"^^ 

temperature onto substrate 1 0. whi*^ J,en ^un at I^O^S^^^l 5' ''^'"''^ 
'5 5-10 seconds to torn, sol thin film 14. The depSrtto?«?Se ofSSL^- ^ ^^1"^"^ °" '^"''^'^ ^o*^ 
it is preferable to deposit and gel the SOI in a dSn mom C/SJ 

and spinning, ethanol and w?ter is C^«1nTfr3iir?4 b^dr!!^^^ ''"'"^ after this deposition 

evaporation of the ethylene glycol is oSrring. Th^ora^^^^ "° 
of the sol forming reduced thickness film 18 Figure '^^""^ concentrates the silica content 

« tially all (about 95% or more) of the v«ter h^ be^ remSZ^T?, °''^"«^ ^"bstan- 

utes. Th-s concentratng typically causes gelation within min- 

- fluid Changes somewhat durinrp^S^ Sn^r^ato^fe^^^^ temperature. « should be noted that the pore 
^ .me aging chamber for appro^^rs l^^^^'j; !^^^^^^^ '^-^ ^ 

ex^rr^LTrex^gTi^r^^^^^^^ 

fluid. asdescribedinthethi,dqlLrolenSSir«n;^^ ^^"'^'er. rt is preferable to a.r dry the film 18 from the aging 
and/.asuriacemod.icirn.S:::^^:';^^^^^^^^ 

cha^^eTd^r^rL^st^rx^^ 

embodiment Of aging comainert illS^fn^'^^L IBA^ra,^^^ T^'^lS"""'''"^'" 
comprises a body 20. having a substantially SanSeS'vl » ^"^'"'^"^ ^ P^o=«ssing apparatus 
be planar to the extent neciary t^e d^L^ !f T!^^ P'«e 22 need only 

■' . material compatible with the underlvi^m^^^f^ !l '^""^ "P*^**""' may be constructed of any 

conductivity, such as^in^^l^^ SfaL e.?^ ■ m^^^ sem>conductor fabrication), although materials with high thermal 

r.^s-t^=^~^^^^ 

.e.n.eapparatus...ybrertote^^ 

opti«l S"e 'sSh' S ZTola^^^? °" ' "i^^^ ^'9"- ^^C. This substrate may be an 

surface 28. chamber t^^Z^zT^^^:^^ ^ "l^.^'^-^^ °^ ^^^mber 32 formed by substrate 
1 mmundertheweigWofptoeS^^SalatimSl.?^ 

26. For many thin film applSoS ' ^T^^Zf.T^J!7 ""t '° ""^"^ °" 

"^sraof^r^^B^™^^ 

asolffm^hasg^S^^r^^^^^ 

adrying chanier. ^1 d ^t'rtS^S^ihm b^^^^^^ 

amounts of liquid, such that a ch^er^ SJd li!^ f ^'""^ extremely small 

In anoth^ embodmem bS^ rLv ^ . '° P'^'"* ^"'ation from the film 

iment. body 20 ^Xco^ri^riS^ hl^^^^^^ *" ^^"^"^ l^^' e"*"^" 

iment shows the Sonal S^^a s^S^^ ""^^^ ^4. This embod- 

be deleted). su*^ata^lnT:.?b:^rei1^^,^^^^ 

planar plate 22 and wafer holder 36 may be thermally coudI Jl^h #«fZ!,!^? ^ 
Simultaneously regulate the temperaturU bo^;Ts^^^^^^^ 

In another embodiment Shown in Figures ISA and 18B <;fiai9itnrm/iHoe e«r«^^ 



18 



EP 0 775 669 A2 

S^Tte^^TS " T" S"* - -"Odl^en, ™y have 

to promote con- 

omo chamfaersurtace 30 n^^^S eft^^^jCo^^^^^^ P"^'^^*"' condensation 
26. in Figure 19B. not only is subSSp^^ iS^St^! 

position as at least one pore f luid)^^e,SSTo « w t 'T ^'"'^^'^ °* «™« 

to Closing the chamber. In this eS,SmTer^|-'nS be I^l to^^^^^ ^"'^^ ""^^ 

in less evaporation of pore fluid from sut^Te 26 ^ ^"'"'^"^ atmosphere, resulting 

.Jon?s;v^'S"^^^^^^ 

a vacuum or to overpressure charrSTp as adjustment means 44 may be used to create 

a pore fluid vapor ^^hamSer sl^s^iSTm S^?^^^^^^ n ^" " ^° 

rb^^^^^r^r^sr^^^^^^^ 

film to dJi ° "^^^"^ "^"^^^ 32 after aging, thereby allowing the thin 

Nearly all solvents that have a low evaporation rate at room temperature will have a boiling point greater than 14^ c 
phenc«ntroUispreferat.etousesoK.entswithboi^ 

C S Jr^'^JT; wT' ^'^^"^ P"-"^ less than 35* C and pT^^^ 

Srg;S?rji^:^^^^^^ ^-^-l and eth^ene^Sr 1 > 

OnfJl^H^7^n'^"^^.'^°. ^ ^^'"5 above room temperature, this opens up additional possibilities 

One modrf.cat.on would be to use a solvent that is not a liquid, but a solid, at room temperature. This allows the^SS 
use of^any more matenals. Many of these higher melting point materials have eveTlower volatil^L^the K^^^^^ 
tj.^ room temperature l.quid solvents" (liquid solvents) have at elevated deposition and aging tei^era^r^ STho^h 
'T'^ "^P^' temperature, process simplicity indicates that these\oom termSt^e s^^ 

Solents- (sol.d solvents) should have melting points less than 60 degrei C. and preferably^Ls^Si Z^T^ C 
addrt«.nal desirable feature for a potential solid solvent is that it readily solidify to an amorphouTph^e TOsTr^oho^^ 
ohd «j on would reduce the chance of gel damage during an accidents Soling. AdcJSaSJ. Sig^ al3e 
vent to be removed by freeze drying. An alternative approach to maintaining the precursor temperatu^^e ab«^^he m^rt 
mg pojnt of a «.lid solvent is to dissolve the solid solvent in a carrier liquid This carrieXr^nTe ^^eH^^^^^^ 

S:rnryrat^:ef"^'^ 

h= °^ 5'^"'°' 3\yco\ give some dues to other preferred solvents We 

ream many of the.r advantages. The most promising additional soK^ems indude 1 .2.4.butanS l 2 3- b^itfa 
methyl-propanetrrol: and 2-(hydroxymethyl)-l.3-propanediol: ^< ^< butanediol: and Z^eZTi-oronar^f^^^ 
potential solvents indude the polyols. ather alone or in combination with ethylene glycc-'TJ^r f^^ 
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vent concemmtion^n be^S J^^T^T "^^"^ ^" "^^^^'^ atmospheric sol- 

allow wder variatioS in te^e^rT^^t^^^J^T''- ™' «'ncentration window can be used to 

cooling effects). An initial gS^fsTS,S?l2. rd^^^^^^ r?"*'' "'"^ ^"^ 

the low volatilrt^ solvent in'tS^ a^o^h'e s o^^^^^ "^"^^ concentration of 

of the solvent vapor is at least l deoTe J Jels^^l^ t^«n "^a^ion tenperature (analogous to dew po.nt) 

the surface of the depositeSol anKe^ S ^e^^^^^^ the substrate. Actually, the critical item is 

ences between the sol and the suSe^airSincT^^^^ °' temperature dWer- 

these ^.o temperatures ^.1 be us2™gt25 ^nlh^^ eXug^^^^^^ 

may be obtainable under some conditions, volume production v^ll pTcteSy rSei .% r t 

dow. and preferably a 10 degree C tolerance window. However, the uSS e SL to dSLft « h " 

pnin^rr^l^T^'^ °* modification to the basic method is that, before drying (and generally, but not necessarily after 
ag.ng), the th.n film wet gel 18 may have its pore surfaces modified with a surface mc^if ication aaert 1^^ Si 
S rjJ'' the molecules on the pore v«lls vl^S^^'Ser^'^^^^^^ 

face modrf.er ,s applied, rt .s generally preferable to remove the water from the wet gel 18 b^reTe s^^^^r L 
added^ The water can be removed by rinsing the wafer in pure ethanol. preferaWy by a IcSi^^ min^Jn « 

^^l'"* "^'^ ^'^ '"^"''"^ ™« «=^r re^l is Sen^iSf^eSLse^te 

f^T modification agents, such as HMDS; however, it is not necessary. With our neS^^ySr^baJi 

method, surface modfetion need not be perfomied to help prevent pore collapse, but cale us^S in^Srt^^^^ 
dearable properties to the dried gel. Some examples of potentially desirable properties are^rophcScii? Xed die 

yTc^loSne Scrdl^h^'irf " '"^ t '^"^^^'^^^"^ (HMDS), the al^l chlon:sS" triS 
Sat 5 0^!^. iJ^^^^ alkylalKDxysilanes (trimethylmethoxysilane. dimethyldimethox- 

S^mp ntS; P^^' and f luorocarbon compounds. One useful phenyl compound is hexaphenyWisilazane 
Some (rther useful phenyl compounds will typically follow the basic formula. PhASiB,4., whe^Ph is a 
group. A IS a reacfn^e group such as CI or OCH3. and B are the remaining ligarSwhiK^^e Lre twr^^i^b " 
rrjr " f ««-P'- phenyl surface mcdif^ition agents iSdude cTJou^s S fph. 

T^^IT T ^ Phenyttrichlorosilane. phenyttrifluorosilane, phenyltrimethoxysilane. phenyttriSoxysiLe phemrT 
methy chlorosilane. phenylethyldichiorosilane. phenyldimethylethoxysilane. ph^yldimSlchioS 

SerSscTS^lfnLL'"'?'"^^^ phenyttris{trimethy.«loxy)siiane, and'pher^aJlyldichToS^e. 
mTril^ ^^1?^ modification agents include compounds with 2 phenolic groups such as diphe- 

'^.f diphenylfluorosilane. diphenylmethylchlorosilane, diphenylethylchlo^silane 

v?hZc^ ^ ^«"y""«^°^'ane. diphenylethoxysilane, diphenylmethylmethoxysilirdiphenXeJh 

oS d>phenyldiethoxysilane. These phenyl surface modification agents also indude compourTS 3 

nJ 00^0^,13'?,"^ !f ^benylchlorasilane. tr^henyfflourosilane. and triphenylethoxysilane. Anothe^olm phe 
Z H^nZ '2 ■^'d'P^^'Vttetramethyldisilazane. is an exception to this basic fomiula. These lists are noTexhau^ ve 
tllnS ?r TV surtace modification agents include (3 

o^un^K^ ('^'^«»""°'°-1--'-2^-t«rahydrooctyl).ldimethylchlorsilane. and other fluoroca*on 

groups that have a reactive group, such as CI or OCH3. that will fomi cwaient bonds with a hydroxyl group 

are ^l^^fT? !^ °^ '^'^ ^"'P^^^ ^ '^"^ conventional applications. However, there 
Z^l apphcations for nanoporous dielectrics and aerogels that may have different desirable properties 

iSZSw '^^'^^ P'^P""*'^ hydrophilicity. increased electrical conductivity' 

^^"r^ M H "'^"^^^e- However, rt shows that depending upon the application, many different types of proper- 

nZ^L H " ""^^ '"""^ '"^""^^ "^nds with hydr^l grouprare 

potential surface modifiers that may impart other potentially desirable properties y y upi>^e 

^llJ^nr ^'^""^"^f^ °^ gelation catalysts, such as ammonium hydroxide. This also includes the 

anowance of other gelation catalysts in place of the ammonium hydroxide and/or for the gelation catalyst to be added 
after deposition. Typically, these alternate catalysts modify the pH of the sol. It is preferable to use catalysts that raise 
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volatile amine species (low molecuiar w^^m r^Zi: T,^ «a'y«s mdude ammonia, the 

™.«isprefera«etoaddtheca^.^^ra'"vS.^^^^^^^^ 

aseSrrrn^iSSirxr^^^^^ 

not exclude the use of supercriticardrying o?surSceT^1i2tT«lf^^'*!^ densrfication, this new method does 
rates are fast enough to prevent laraera SOn^SJSSf^!^ ^ "^"^"S- extent that the freezing 
method is compatible wiS, most prbrirttef^el^^ 

' -edrbeTreJirSirc;^^^^^^^ ^so coating and g.a.on 

temperature lowered to retart gelation or ^1^^^^^^^^!"^,^°' ^« ^^^te may have its 
and/ortemperature ™y be varied to further ^S^rSon^te^^S^^^^^ 

•s typically performed at no less than 40-C- tJe^^^rn^^Z^y^r^' temperature processing 

' elevated temperatures, care should be tatenTeT Ihl n^l^ ' ^ ^^en working at 

enough) to prevem solvem bdlil^g ^ ^'^^'^ atmosphere should be high 

erthe^SoTor'i^^'r^aSr^S^^^^^^ r'^V ^ ^'^''^^ t>e used 

and other silicon-based mil alkSs J^c^^lfn S f (^"'"^^'^^'yOethane (BTMSE), combinations thereof, 
known in the art such as alumir^n^nrtiSj Som?lpr n ' ^""^ ^"^^^^ °^ '"^tals 

oxides and organic precursorsTo r^r^ZJ^^^l ^ T "^"^ '"^'"'^^ particulate metal 

silica. Some ri-resenSToTg^^c J^nsoT^^^^ T rJI^ P^^'^e^^ (fumed) silica and colloidal 

rafos and spin conditions' To hlS^Te tS SS^e^sSv 1 r " ^ ^^"^"^ ^"-"^ 

substantially halted before deposL Prte,rta!mS,2s^m^^i- "^^ "^^ ^ *'°"«^ °^ 

sor sol. evaporating solvent or addino srS ilTr^ of '^Tf ^ 

methodsXtardir^ oligomeriza^r^ rSigJ^^^^ ^ ^roxide. Potential 

the precursor sol to a pH Zmtr^^'lS^^^^ Z^f^' ^""""^ ^ °^ ^^^""9 

ammonium hydroxide LrrSS jS^^) ^ (^trrc acid could be used in conjunction with the 

and mcdmcations as'L ^hTn ^^oj^ ite ^pen^^^^^^^ '"^^'^^ ---P-- changes 

Claims 

1 . A metal-based nanoporous aerogel precursor sol. comprising 

an aerogel precursor reactant, and 

a first solvent conprising a polyoi; wherein 

-the molar ratio of said first solvent molecules to the metal atoms in said reactant is at least 1:16. 

2. A metal-based aerogel precursor sol, comprising 

a first solvent comprising a polyol; wherein, 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is at least 1 : 16. 

3. The aerogel precursor sol according to Claim 2. wherein 
said polyol is glycerol. 

4. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the rnetal atoms in said reactam is no greater than 12 n. 
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t"IIl'™.» '"7^''°' ^ C'^"" 2. wherein 

t.e™....oo,s....stso.e..o.ec.esto.e.eta.ato^.nsa..eac.nns.^^^^ 

6. JJ'eaerogelprecursor sol according to Claim 2. wherein 
the.o.arra.oo.s...rstso.ve..o.ecu.esto.e.eta.ato^.3ai.reac...s.^^^^ 

7. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molaeuipctn*,^^-.-,! . 

em molecules to the metal atoms >n said reaclant is between 2.5 : l and 12 : i. 

'0 8. The aerogel precursor sol according to Claim 2. wherein 
said readant is a metal alkoxide seleetBri frnm 

y^^ethoxy^lane. ^.^.Bsi^n.^^:^^^''^^]^^^^^^^ tetrame.0xy3i.ane. meth- 

9. The aerogel Fecursor sol according to Claim-2. wherein - 
'5 saidreactantistetraethoxysilane. 

10. The aerogel precursor sol according to Claim 9, wherein 
said tetraethoxysilane is at least partially hydrolyzed. 

20 11. The aerogel precursor sol according to Claim 2. further comprising 

water. 

12. The aerogel precursor sol according to Claim 2. wherein 
2s said first solvent is ethylene glycol. 

13. The aerogel precursor sol according to Claim 2. further comprising 

a second solvent 

14. The aerogel precursor sol according to Claim 13. wherein 
said second solverrt is an alcohol. 

■ 15. The aerogel precursor sol according to Claim 13. wherein 
35 said second solvent is ethanol. 

16. The aerogel precursor sol according to Claim 2, further comprising 

a pH modification agent. 

40 

17. The aerogel precursor sol according to Claim 2. further comprising 

an acid. 

^ 18. The aerogel precursor sol according to Claim 17. wherein 
said acid is nitric acid. 

1 9. The aerogel precursor sol according to Claim 2. wherein 
the pH of said sol is between 3 and 5 

20. The aerogel precursor sol according to Claim 2. further comprising 

a gelation catalyst 

ss 21. The aerogel precursor sol according to Claim 20. wherein 
said gelation catalyst is ammonium hydroxide. 

22. The aerogel precursor sol according to Claim 20. wherein 
the pH of said sol is between 7 and 9. 
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23. The aerogel precursor sol according to Claim 2, wherein 
the viscosity of said sol is between i and 12 centipoise. 

24. The aerogel precursor sol according to Claim 2. wherein 
5 the viscosity of said sol is between 1 and 5 centipoise. 

25. The aerogel precursor sol according to Claim 2. wherein 

sa-dreacta. is selected tromthegro^cons^ng Of pyrc^enic^lica. colloidal .^^^^ 
10 26. An aerogel precursor sol. comprising 

At least partially hydrolyzed tefraethoxysiiane and ethylene glycol. 

27. The aerogel precursor sol according to Claim 26. wheren 

the molar ratio of ethylene glycol to tetraethoxysilane is between 1 : 16 and 12 : 1. 

28. A silicon-based aerogel precursor sol. comprising 

a silicon based aerogel precursor, and 
20 a first solvent comprising a polyol: wherein 

the molar ratio of said first solvent molecules to the silicon atoms in said reactam is at least l : 16. 

29. The aerogel precursor sol according to Claim 28, wherein 

^^^'"°'«^'«**°°*««^irst solvent molecules to the metal atoms in said reactam is no greater than 12 : i. 

30. An aerogel precursor sol. conprising 

at least partially hydrolyzed tetraethoxysilane and glycerol. 

30 31. The aerogel precursor sol according to Claim 30. wherein 

the molar ratio of glycerol to tetraethoxysilane is between 1 : 16 and 12 : 1 . 

32. The aerogel precursor sol according to Claim 30. wherein 

the molar ratio of glycerol to tetraethoxysilane is between 1 : 4 and 4 : i . 

33. A non-supercritical method of fomiing a nanoporous aerogel, said method comprising the steps of: 

S?n a^SirSaS^^^^^^ ^ ^-'^''^ ^^^rolyzed metal al^xide dis- 

■ S r'^"^ "^"^^^ °^ ^ sol um'a Jyfncreo • 

rrL^r'^rin^^sa^:^ 

34. The method of claim 33. wherein said gel is created before said evaporating step completes. 
so 35. The method of claim 33. wherein said drying step further comprises a solvem exchange. 

36. The method of daim 33. further comprising aging said gel before said drying step. 
^ 37. A non-supercritical method of fonning an aerogel film on a substrate, said method compri«ng the steps of: 

depositing a film of an aerogel precursor sol on a substrate, said sol comprising a first solvem and a second 
preferemially evaporating substamially all of said second solvem from said film- and 

allowing sad deposrted sol to cross-link to form a wet gel having pores arranged in an open-pored structure on 
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said substrate. 




45 



50 



55 



38. The method of claim 37. wherein said second solvent comprises 
s a reaction product of said cross-linWng step. 

42. T,,, Of «lm 37, said we, 5el « tor™fl b*„ «„c,«„, ^.ep oom„,e»s. 

.) aepos*,, „ ^ so. upon *e s.^; ^ J^^ ^, 

a metal-based aerogel precursor reactant. 
a first solvent comprising glycerol, and 
a second solvent; wherein, 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 116 

^ - 45. The method of claim 44. wherein the first solvent also comprises a polyol. 
46. The method of claim 45. wherein the polyol is a glycol. 

0 

hi H^ocL"^ ^ semiconductor substrate comprising a microelectronic circuit- 
b) depositing an aerogel precursor sol upon the substrate- 
wherein the aerogel precursor sol comprises 

- a metal-based aerogel precursor reactant. and 
a first solvent comprising glycerol, and 
a second solverrt; wherein. 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 116 

co"C7srn?Sr ^ 

a) providing a semiconductor substrate comprising a microelectronic drcuif 
0) depositing an aerogel precursor sol upon the substrate- 
wherein the aerogel precursor sol comprises 




wherein, 
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an aerogel precursor reactant seiArtoH fmm 

hydroiyzed ^ '^^^ ^'nsisting of metal aikoxides. at least partially 

solid; °y ^« P°^e fluid wrthout substantially collapsing the porous 



™ ^ IfJ' ^ '^^^'"9 atmosphere, and 

J^^pressureotthedry-ngatntosphereduringtheto^^^^ 

75 

2;^rit°L^rr ™ 6« « an 

30 

54. The ™«a =. «i„ «, ...,a,„ ^a „a„cpor=„s ciie,e=«c has a *a,««c =c„3«« lass «ah s.o. 
56. Tha .amod « cai. «. wharain ma nancp«„s <.a,««= has a dia,a=«c »™=m lasa man ,.8. 
- se. ■^«'-"«-«m«..ha,«nma„ancp=™„sc.a,a=*hasa,.^a«=c=ns»n,,assman,.4. 

1';^" « Cra C"" "^"^ =- *e s^e dunn, «a fer^ng s»p . ahca ma .aa.ing 

wna,a,n. ma „«,.d does no, conphsa ma step o, adding a aurtaca n«,ica,i=„ a^em a,ep. 

Slac. "^"'="*''=*^s="*='™dlllcalionagambafcremetormm^ 
sa The mamod of data 48, funher comprisino ma step of agmo ma gel 

61.™an»,^Cc.,.eo..na,a^a„aas,pa««maapnga«ispe*™«f.as^,«osedc^a, 

» ^ ^'-«""-='^^"'50.wharainmete^«„,eo,meg.du*gmaagl„,.g„a,«„»n30deg,eaaC. 
53. The mamod 0, dain, 60. wherein ma ,.r^, „ ^ ^ ^ ^ ^^^^ ^ 

- 64. ™="'«''«=.=.=ln,60.wha,a.,me»n,pe,a,u,eo.megeld™g,heagl„glsg,ea,e,man ,30dagreasC. 
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72. The method of claim 48. wherein the reactant is tetraethoxysilane. 

73. The method of claim 48. wherein the dry. porous dielectric has a porosity greater than 60%. 

74. The method of claim 48. wherein the dry. porous dielectric has a porosity between 60 % and 90%. 

75. The method of claim 48. wherein the dry. porous dielectric has a porosity greater than 80%. 

77. The method of claim 76, wherein the liquid comprises hexanoi. 

78. The method of claim 48. further comprising the step of annealing the dry. porous dielectric. 

79. •^«'"ethodofdaim48.whereinthepressureofthedryingatmosphereduringthefom,ingstepisl^^^ 
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